Introduction
============

Epidemiological studies have shown the association between heart-rate corrected QT (QTc) interval and cardiovascular mortality or all-cause mortality in the general population [@B1]-[@B3]. Elevated sympathetic tone may be one of the underlying mechanisms that increase the QTc interval and the rate of mortality [@B4], [@B5]. QTc interval is found to be prolonged in patients with acute myocardial infarction (AMI) and may help in identifying patients with higher rate of sudden death and mortality in previous studies [@B6]-[@B8]. However, these studies are done before the reperfusion era and may not apply to the patients with ST-elevation myocardial infarction (STEMI) receiving reperfusion therapy. It is also unknown whether the prognostic value of QTc interval is incremental to established biomarkers, e.g. brain natriuretic peptide [@B9]-[@B13]. Furthermore, QTc interval increases gradually during the first week of AMI [@B7], [@B14]. Little is known about the best measuring time and the best cut-off value of QTc interval for predicting clinical events in patients with STEMI.

The aim of this study is to investigate the role of QTc interval in predicting the clinical outcomes after STEMI, particularly for left ventricular (LV) remodeling, heart failure, and all-cause death.

Materials and methods
=====================

Study Population
----------------

The study population was enrolled at Taipei Tzu Chi hospital in Taiwan between December 9, 2007, and April 9, 2013. With institutional ethics committee approval and written informed consent, we enrolled patients who presented to emergency room (ER) with STEMI and received successful primary percutaneous coronary intervention (PCI) within 12 hours of symptom onset. Patients were excluded if there were shock requiring cardiopulmonary support, scheduled coronary bypass graft operation, previous myocardial infarction (MI), cardiac disease states other than ischemic heart disease, a history of active malignancy in past 3 years, significant renal or hepatic dysfunction, chronic bedridden status, or concomitant inflammatory diseases such as infections or autoimmune disorders.

Electrocardiographic Data
-------------------------

Standard 12-lead electrocardiograms (ECG) were recorded using MAC 5500 machines (GE Medical system, Milwaukee, WI, USA). The first ECG at ER (day 1), ECG in the first morning at coronary care unit (day 2), and ECG in the second morning at coronary care unit (day 3) were obtained from electric medical records. With initially visual inspection, recordings with inadequate quality, atrial fibrillation, or bundle branch block were excluded [@B15]. The MAC 5500 machines measured the QT interval from the onset of QRS complex to the end of T wave in all 12 leads. The averaged QT interval was then corrected for heart rate using the Bazett formula (QTc = QT/√RR). The computerized measurements of QTc intervals on day 1 (QTc-ER), day 2 (QTc-D2), and day 3 (QTc-D3) were used for further analysis.

Laboratory Analysis
-------------------

Approximately 10 ml of blood from a peripheral vein were collected into a tube containing potassium ethylenediamine tetra-acetic acid (1 mg/ml) at post-MI day 2. The samples were centrifuged at 4°C within 20 minutes. The plasma was separated and subsequently frozen at -80°C until further analysis without undergoing any additional freeze-thaw cycles. Levels of N-terminal pro-brain natriuretic peptide (NT-pro BNP) were measured by commercial enzyme linked fluorescent assay (Vidas system, bioMérieux).

Echocardiographic Analysis
--------------------------

Comprehensive 2D Doppler echocardiographic studies were performed with the patients in the partial left lateral decubitus at baseline (mostly post-MI day 2) and were repeated 6 months later. The equipment used was a Philip SONOS 7500 (Agilent Technologies, Andover, MA) system. All measurements were performed and repeated by the same experienced echocardiologist [@B16], [@B17]. The LV end-diastolic volume index (LVEDVI) was measured according to the recommendations of the American Society of Echocardiography [@B18]. With the use of apical 4- and 2-chamber views, LV ejection fraction (LVEF) was estimated by the modified Simpson\'s method. The degree of LV dilatation was evaluated by the change in LVEDVI between baseline and 6-month follow-up. Significant LV dilatation was defined as a \>20 ml/m^2^ increase in LVEDVI at 6 months, compared with baseline [@B19].

Clinical Endpoints
------------------

The clinical events, including all-cause death and readmission to hospital for heart failure, were recorded by reviewing electric medical records or contacting patients by telephone. Patients were followed for a maximum of 2 years.

Statistical Analysis
--------------------

The best cut-off value of QTc-ER, QTc-D2, QTc-D3, and NT-pro BNP for predicting mortality or heart failure was identified by receiver-operating characteristic (ROC) curve. Patients were divided into two groups based on the best cut-off value of QTc interval. Categorical variables were expressed as number (percentage) and compared with chi-square test. All continuous variables were tested for normal distribution by using the Kolmogorov-Smirnov test. Depending on normality, continuous variables were expressed as mean ± SD or median with interquartile range (IQR) and compared with Student\'s *t*test or Mann-Whitney U test, respectively. Univariable logistic regression was applied to identify the predictors of significant increase (\>20 ml/m^2^) in LVEDVI. Stepwise multivariable regression (entry threshold, p\<0.05; removal threshold, p\>0.10) was then performed using significant variables in univariable model. Timing of clinical events was plotted according to the Kaplan-Meier method and compared with log-rank test. We also used Cox regression model to assess whether QTc interval was an independent predictor of clinical events. These statistics were computed using SPSS statistical software (SPSS Inc., Chicago, Illinois). A value of p\<0.05 was considered significant.

Results
=======

With initially visual inspection, 16 patients were excluded for atrial fibrillation, 1 patient was excluded for left bundle branch block, and 17 patients were excluded for right bundle branch block. We finally enrolled 264 patients.

QTc Intervals and NT-pro BNP Levels
-----------------------------------

QTc intervals increased gradually from 439 ± 33 ms at ER on day 1, to 446 ± 38 ms on day 2 (p=0.018 vs. day 1), to 459 ± 42 ms on day 3 (p\<0.001 vs. day2). The area under ROC curve for predicting all-cause death and heart failure was 0.848 for QTc-ER, 0.562 for QTc-D2, and 0.507 for QTc-D3. Prolonged QTc-ER, but not QTc-D2 or QTc-D3, well predicted clinical events (Figure [1](#F1){ref-type="fig"}A).

The best prognostic cut-off value of QTc-ER for predicting death or heart failure was 445 ms (sensitivity 86%, specificity 68%). The best cut-off value of NT-pro BNP for predicting death or heart failure was 936 pg/mL (area under ROC curve 0.841, sensitivity 93%, specificity 69%).

Patient Characteristics
-----------------------

Baseline clinical and demographic characteristics, stratified according to QTc-ER greater or lesser than 445 ms, are listed in Table [1](#T1){ref-type="table"}. Patients with QTc-ER \> 445 ms tended to be older, female in gender, have diabetes mellitus (DM), longer symptom-to-door time, higher Killip class, faster heart rate, anterior wall MI, higher peak creatine kinase (CK), higher NT-proBNP level, lower LVEF, and higher Thrombolysis in Myocardial Infarction (TIMI) risk score for STEMI.

Echocardiographic Analysis
--------------------------

Compared with short QTc-ER group, patients with QTc-ER \> 445 ms had lower LVEF at baseline (46.5 ± 12.0% vs. 51.1 ± 11.4%, p=0.003) and lower LVEF at 6 months (53.2 ± 15.7% vs. 58.7 ± 13.3%, p=0.008). The absolute increase in LVEF was similar in both groups (6.2 ± 12.4% vs. 7.4 ± 11.2%, p=0.471).

Compared with short QTc-ER group, patients with QTc-ER \> 445 ms had similar LVEDVI at baseline (67.9 ± 21.9 vs. 68.2 ± 18.9, p=0.909) and insignificantly higher LVEDVI at 6 months (77.1 ± 25.9 vs. 71.7 ± 20.6, p=0.080). The absolute change in LVEDVI at 6 months was insignificantly higher in patients with QTc-ER \> 445 ms (9.8 ± 24.9 vs. 4.2 ± 18.4, P=0.073).

In logistic regression model, QTc-ER was a predictor of a significant increase (\>20 ml/m^2^) in LVEDVI at 6 months in univariable analysis (B= 1.012, p=0.028) but not a predictor in multivariable analysis. In multivariable logistic regression analysis, the independent predictors of a significant increase in LVEDVI were DM (B= 2.370, p=0.031), log peak CK (B= 10.515, p\<0.001), and baseline LVEDVI (B= 0.966, p=0.004; Table [2](#T2){ref-type="table"}).

Clinical Endpoints
------------------

During follow-up, 12 patients (4.5%) died and 18 patients (6.8%) had been readmitted to the hospital for heart failure. When compared with event-free survivors, patients with clinical events had longer QTc-ER (469 ± 32 vs. 434 ± 29 ms, p\<0.001), similar QTc-D2 (454 ± 37 vs. 445 ± 38 ms, p=0.268), and similar QTc-D3 (460 ± 42 vs. 458 ± 43 ms, p=0.799; Figure [1](#F1){ref-type="fig"}B). In patient with clinical events, QTc interval reached its maximum at ER and was relatively unchanged on day 2 (p=0.050 vs. QTc-ER) and day 3 (p=0.479 vs. QTc-D2). In event-free survivors, QTc interval increased gradually on day 2 (p\<0.001 vs. QTc-ER) and day3 (p\<0.001 vs. QTc-D2).

Kaplan-Meier survival curves showed that the combination of QTc-ER \> 445 ms and NT-proBNP \> 936 pg/mL was a strong predictor of the clinical events (p\<0.001; Figure [2](#F2){ref-type="fig"}). No clinical event occurred in the 122 patients with short QTc-ER & low NT-proBNP. Death or heart failure occurred in 2 patients (4.0%) in long QTc-ER & low NT-proBNP group, 5 patients (11.1%) in short QTc-ER & high NT-proBNP group, and 21 patients (44.7%) in long QTc-ER & high NT-proBNP group.

In multivariable Cox regression analysis using significant variables in univariable model, the independent predictors of death and heart failure were QTc-ER (hazard ratio (HR) 1.03, 95% confidence interval (CI) 1.01-1.04, p\<0.001), log NT-proBNP (HR 6.30, CI 2.78-14.29, p\<0.001), DM (HR 7.23, CI 3.07-17.37, p\<0.001), history of stroke (HR 7.31, CI 1.29-24.43, p=0.001) and LVEDVI (HR 1.03, CI 1.02-1.05, p\<0.001; Table [3](#T3){ref-type="table"}).

Discussion
==========

Our investigation indicates that, prolonged QTc-ER is a strong and independent predictor of mortality and heart failure in patients with STEMI, providing incremental information to clinical risk factors and NT-proBNP. Prolonged QTc-ER is associated with lower LVEF at baseline and 6 months later. Prolonged QTc-ER is also a predictor of severe LV dilatation in 6 months in univariable analysis, but not in multivariable analysis.

Although some previous studies have shown the association between prolonged QTc interval and cardiovascular mortality or all-cause mortality in the general population [@B1]-[@B3], other studies suggest that the association is not consistent and the risk is likely to be small [@B20], [@B21]. There are several possible explanations for the positive association. Prolongation of QTc interval reflects prolonged ventricular repolarization and predisposes to sudden death. Prolonged QTc interval is associated with elevated sympathetic tone which may lead to elevated blood pressure, atherosclerosis, and cardiovascular events [@B4], [@B5]. It is less clear why prolonged QTc interval also predicts all-cause mortality. One possible explanation is that prolonged QTc is a marker of other disorders such as DM or neurohormone imbalance which may predispose to increased mortality. In our study, patients with QTc-ER \> 445 ms are more likely to be older, female in gender, have DM, higher peak CK, higher NT-proBNP, and higher TIMI risk score for STEMI. However, Cox multivariable regression analysis shows that QTc-ER is still an independent predictor after adjusting the above baseline differences.

QTc interval increases gradually following AMI, with highest value at the end of the first week [@B7], [@B14]. In our study, consistent with previous reports, QTc interval increases gradually on day 2 and day 3 in event-free survivors. In contrast, QTc interval reached its maximum at ER and was relatively unchanged on day 2 and day 3 in patients with clinical events. As a result, only QTc-ER, but not QTc-D2 or QTc-D3, can discriminate patients with clinical events from event-free survivals. This interesting serial change of QTc interval in patient with clinical events has never been reported and may need to be confirmed by further studies.

Previous studies evaluating the prognostic value of QTc interval in AMI were mostly done before 1990 [@B6]-[@B8]. Only one study had performed serial ECG follow-up after AMI and showed that QTc interval \> 440 ms at hospital discharge had independent value for predicting major cardiac events [@B7]. ECG data at ER was not analyzed at that study. However, the study was done before the reperfusion era and also included patients with subendocardial infarction. It is possible that the prompt reperfusion therapy in our patients with STEMI will influence the temporal evolution of QTc intervals and the best measuring time of QTc intervals will thus be different. One recent study reported that prolonged QTc interval of first ECG (prehospital or hospital admission) predicted in-hospital mortality in patients with STEMI [@B22], which is consistent with our findings. Our study is the first study to evaluate the effects of serial QTc interval changes on the long term outcomes in patients with STEMI exclusively receiving primary PCI. It shows that, in the reperfusion era, QTc interval measured before reperfusion strongly predicts mortality and heart failure in 2 years. In contrast, QTc-D2 and QTc-D3 have no prognostic value in predicting clinical events.

One main purpose of our study is to evaluate the process of LV remodeling after STEMI. LVEF and LVEDVI have been proven to be powerful independent predictors of clinical events after MI [@B23]-[@B25]. In our study, patients with QTc-ER \> 445 ms have lower LVEF at baseline and at 6 months. However, the correlation between QTc-ER and LVEDVI is somewhat weaker. In logistic regression model, prolonged QTc-ER is a predictor of a significant increase (\>20 ml/m^2^) in LVEDVI at 6 months in univariable analysis but is not a predictor in multivariable analysis. As shown in table [1](#T1){ref-type="table"}, prolonged QTc-ER is correlated with DM and higher peak CK, the independent predictors of significant increase in LVEDVI. It is possible that prolonged QTc-ER is just a marker of larger infarct or other underlying disorders, is not independently associated worse LV remodeling, and thus is not included in the final model of multivariable analysis.

The present study has some imitations. First, QTc intervals at discharge and after discharge are not measured and analyzed, it is not known whether they will have better predictive value. However, we think that QTc-ER may be a better predictor than QTc interval at discharge because it does not need additional ECG measurement and can also predict in-hospital mortality. Second, this is a single-center study enrolling patients exclusively reperfused by PCI. It may limit the generalizability of our findings. Third, the number of patients with clinical events is relatively small. Because of relatively low statistical power, some useful predictors of clinical outcomes may become statistically insignificant in our analysis. Fourth, the number of patients in some comparison groups (for example, short QTc-ER & high NT-proBNP group) is small. Incidental clinical events may have the potential to skew the result of survival analysis.

Conclusions
===========

QTc-ER \> 445 ms independently predicts all-cause death and heart failure in patients with STEMI, providing additional information to established clinical predictors and NT-proBNP.
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![(a) Receiver operating characteristic (ROC) curves analysis was conducted for discrimination between patients with and without death or heart failure. The area under the curve (AUC) was 0.848 for QTc interval at emergency room (QTc-ER), indicating a good predictive power. In contrast, QTc interval on day 2 (QTc-D2) and day 3 (QTc-D3) had poor predictive power. (b) QTc intervals at emergency room, on day 2, and on day 3, stratified according to patients with or without death or heart failure.](ijmsv12p0968g001){#F1}

![Kaplan-Meier curves of the cumulative incidence of all-cause death or heart failure stratified according to QTc intervals at emergency room (QTc-ER) above or below 445 ms and N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels above or below 936 pg/mL.](ijmsv12p0968g002){#F2}

###### 

Clinical and demographic characteristics.

                              QTc-ER ≦ 445 ms (N=167)   QTc-ER \> 445 ms (N=97)   P value
  --------------------------- ------------------------- ------------------------- ---------
  Age, years                  57.0 ± 10.1               61.6 ± 13.8               .004
  Male gender                 156 (93.4%)               68 (70.1%)                \<.001
  History                                                                         
  Current smoker              103 (61.7%)               51 (52.6%)                .148
  Diabetes mellitus           37 (22.2%)                33 (34.0 %)               .035
  Hypertension                91 (54.5%)                63 (64.9%)                .097
  Hypercholesterolemia        75 (44.9%)                49 (50.5%)                .379
  Coronary heart disease      19 (11.4%)                11 (11.3%)                .993
  Stroke                      8 (4.8%)                  7 (7.2%)                  .412
  Presentation                                                                    
  Symptom-to-door time, min   72 (41-198)               138 (50-296)              .012
  Door-to-balloon time, min   76 (60-104)               78 (66-119)               .252
  Killip class \> I           26 (15.6%)                35 (36.1%)                \<0.001
  Heart rate, beats/min       74 ± 18                   83 ± 21                   \<.001
  SBP, mmHg                   131 ± 27                  136 ± 28                  .159
  Anterior MI                 60 (43.2%)                80 (57.6%)                .016
  Body mass index, kg/m^2^    25.4 (23.0-27.2)          25.8 (23.9-28.4)          .300
  Peak CK, IU/L               2061 (1082-3645)          2602 (1511-4539)          .036
  Hemoglobin, g/dL            15.3 (14.1-16.2)          14.8 (13.2-15.9)          .052
  Creatinine, mg/dL           1.00 (0.89-1.20)          1.02 (0.89-1.20)          .832
  Potassium, mmol/L           3.60 (3.31-3.90)          3.60 (3.30-4.00)          .883
  NT-proBNP, pg/mL            525 (240-1136)            986 (477-2280)            \<.001
  LVEF, %                     51.1 ± 11.4               46.5 ± 12.0               .003
  LVMI, g/m^2^                122.6 ± 30.1              124.4 ± 36.4              .675
  LVEDVI, mL/m^2^             68.2 ± 18.9               67.9 ± 2.19               .909
  TIMI risk score             3.0 ± 1.9                 4.7 ± 2.4                 \<.001

Values are expressed as number of patients (%), mean ± SD, or median (25th-75th percentile).

QTc-ER indicates QTc interval at emergency room; SBP, systolic blood pressure; MI, myocardial infarction; CK, creatine kinase; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; LVEDVI, left ventricular end-diastolic volume index; and TIMI risk score, Thrombolysis in Myocardial Infarction risk score for ST-elevation myocardial infarction.

###### 

Predictors of a significant increase in LVEDVI (\>20 ml/m^2^) in logistic regression analysis.

                       Univariable   Multivariable            
  -------------------- ------------- --------------- -------- --------
  QTc-ER               1.012         0.028                    
  Heart rate           1.018         0.034                    
  Log CK               9.966         \<0.001         10.515   \<.001
  Log NT-proBNP        2.352         0.012                    
  WBC                  1.099         0.042                    
  Hemoglobin           1.333         0.007                    
  Diabetes mellitus    2.502         0.006           2.370    .031
  LVEF at baseline     0.961         0.005                    
  LVEDVI at baseline   0.966         0.001           .966     .004
  LVMI                 0.986         0.022                    

CK and NT-proBNP are analyzed as log transformed variables. QTc-ER indicates QTc interval at emergency room; CK, creatine kinase; NT-proBNP, N-terminal pro-B-type natriuretic peptide; WBC white blood cells; LVEF, left ventricular ejection fraction; LVEDVI, left ventricular end-diastolic volume index; and LVMI, left ventricular mass index.

###### 

Predictors of death and heart failure in Cox regression analysis.

                                 Univariable             Multivariable                           
  ------------------------------ ----------------------- --------------- ----------------------- ---------
                                 Hazard ratio (95% CI)   p value         Hazard ratio (95% CI)   p value
  QTc-ER, ms                     1.03 (1.02-1.05)        \<.001          1.03 (1.01-1.04)        \<.001
  Female                         3.98 (1.86-8.50)        \<.001                                  
  Age, years                     1.08 (1.05-1.11)        \<.001                                  
  Symptom-to-door time, 10 min   1.02 (1.00-1.04)        .044                                    
  Killip class \> I              3.10 (1.48-6.52)        .003                                    
  Log CK, IU/L                   3.35 (1.10-10.23)       .033                                    
  Log NT-proBNP, pg/mL           7.93 (4.14-15.20)       \<.001          6.30 (2.78-14.29)       \<.001
  Creatinine, mg/dL              1.36 (1.11-1.66)        .003                                    
  Hemoglobin, g/dL               0.70 (0.60-0.81)        \<.001                                  
  Diabetes mellitus              4.90 (2.30-10.47)       \<.001          7.23 (3.07-17.37)       \<.001
  Hypertension                   2.77 (1.12-6.82)        .027                                    
  Current smoker                 0.38 (0.17-0.82)        .013                                    
  Stroke history                 3.11 (1.08-8.98)        .035            7.31 (2.19-24.43)       .001
  LVEF, %                        0.93 (0.90-0.96)        \<.001                                  
  LVEDVI, mL/m^2^                1.02 (1.01-1.04)        .009            1.03 (1.02-1.05)        \<.001

QTc-ER indicates QTc interval at emergency room; CK, creatine kinase; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEF, left ventricular ejection fraction; and LVEDVI, left ventricular end-diastolic volume index.
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